Membrane filtration processes for water desalination have been greatly improved thanks to rapid development of nanoporous 2-dimentional (2D) materials. Nanoporous graphene and molybdenum disulfide have proved to show promising properties for desalination. In this study, we detailly investigated the desalination performance of a different nanoporous 2D material, nanoporous boron nitride (BN), by Molecular Dynamics simulation. Our calculations demonstrated that nanoporous BN allows for rapid water permeability with effective salt rejection. The permeability is not only two orders of magnitude higher than existing commercial techniques but also much higher than nanoporous graphene and molybdenum disulfide membranes.
INTRODUCTION
Due to rapid consumption of freshwater, the governments of many countries are facing an increasing demand for freshwater resources. Aside from the small amount of available freshwater, about 97% of the world's water is found in oceans and seas.
These immense potential water resources have motivated research in desalination technologies to turn seawater into freshwater. Yet there are challenges in the development of desalination techniques. [1] [2] The pivotal factors are high capital costs and low efficiency which, on the other hand, motivate advances in this field. 3 Reverse Osmosis (RO) is the most popular desalination method. The process includes (i) placing a RO membrane at the interface between seawater and freshwater, and (ii) applying pressure at the seawater side to facilitate the flow of water molecules through the RO membrane to the freshwater side while leaving salt ions behind.
Despite the wide use of the technique, the overall desalination performance of existing commercial RO membranes is still under satisfaction due to their slow water transport. Thus, developing high-efficiency membrane filter is one of the critical solutions to improve the efficiency of RO desalination.
Thanks to rapid development of nanoporous 2-dimentional (2D) materials (through either ion irradiation or chemical treatment) 4-5 , membrane filter preparation for water desalination has been greatly improved. The materials containing nanopores with diameters ranging from several angstroms to a few nanometers have been widely used in molecular sieves. [6] [7] [8] Some nanopores with pore sizes smaller than the size of hydrated ions are suitable as membrane filters as they retain the ions but allow passage of water. [9] [10] In addition to pore size, membrane thickness proved to be negatively correlated with water flux. A typical example is single-layered nanoporous graphene (including chemically modified nanopores), which proved to have several orders of magnitude higher flux rates than commercial RO membranes. 11 Interestingly, Ghoufi et al. recently found that in pure water under the same aperture (~ 7 Å), BN nanoporous with an approximately circular channel possesses an even higher water permeability than graphene nanosheets, due to the smaller surface tension of water on BN nanosheet. 12 Another example of RO membranes is three-atom layered nanoporous molybdenum disulfide (MoS 2 ), which also has higher water flux than commercial RO membranes but just a little lower water flux than nanoporous graphene. 13 Owing to the three-atom layers (S-Mo-S), MoS 2 nanopores can also be used as molecular switches, which provide "open" and "closed" states, for water transport by applying proper lateral strain in desalination. 14 Herein, we investigated a novel triangular nanoporous 2D material, nanoporous boron nitride (BN), for rapid and effective desalination using Molecular Dynamics (MD) simulation. Compared to commercial desalination techniques, nanoporous BN shows higher efficiency of water permeation and salt rejection. Our study provides a new material for RO in future water desalination.
RESULTS
The schematic view of the simulation setup is depicted in Fig. 1a in which four major components of the system are labeled. We calculated the water permeability through two different types of BN nanopores, N-h ( Fig. 1b) and B-h ( Fig. 1c ) pores (definitions of pore types can be found in METHODS section). The pores were designed in triangle shape based on the unique feature of BN nanosheet recently releveled by transmission electron microscopy (TEM) experiments, where triangular nanopores can be fabricated and regulated while retaining their intrinsic triangular shape. [15] [16] [17] [18] The number of filtered water molecules across the pores was monitored over simulation time by calculating the amount of increase in the number of water molecules at the fresh water side (Fig. 2a) . The results demonstrate a linear relationship between the number of filtered water molecules and simulation time.
Moreover, the filtration rate increases as the external pressure applied to the piston increases. It is worth to note that the number of filtered water molecules through B-h pores is higher than that of N-h pores at the same pressure, and the difference increases as the pressure increases ( Fig. 2b) . Besides, with the same pore size, B-h pores have noticeable higher water permeability than N-h pores ( Fig. 2c ; more below).
Whereas, when the pore size narrowed down to N-h-4 pore (with pore area of ~23.1 Å 2 ), the flow of water starts to shut off. In addition to water permeability, we computed salt rejection of different pore types and pore sizes based on the salinity of the permeate solution at t = t 1/2 relative to the initial salinity, 11 where t 1/2 is defined as the time point when half of the water molecules has flowed to the fresh water side. The results are shown in Compared to other nanopores, B-h-4 pore has the most efficient salt rejection, which reaches 100%. On the other hand, N-h-4 pore has zero water permeability at the pressure values applied in this study, and therefore, we do not show its salt rejection.
The salt rejections of B-h-5 pore (mean value of 93.5%) and N-h-5 pore (mean value of 94.7%) are comparable, while those of B-h-6 pore and N-h-6 pore have much lower ratios. These results agree with previous observations that salt rejection is lower as the pore size becomes bigger. 11, 13 Overall, our results indicate that both water permeability and salt rejection of nanoporous BN are specific to its pore sizes. The orientation of water molecules near the pores plays a critical role in both water permeability and salt rejection of nanoporous BN. The water density maps inside the two types of the pores are depicted in Fig. 4a and 4b. Water molecules in the N-h pore are highly localized at the three corners of the pore, while water molecules in the B-h pore distribute relatively evenly and the density values at the three corners are not as high as those in the N-h pore. However, the mean water density inside the B-h pore is ~1.945 water molecules per nm 3 , which is slightly higher than that in the N-h pore (~1.824 water molecules per nm 3 ), implying that the B-h pore can accommodate more waters to traversing the filter membrane than N-h pore at similar pore area which might help decipher the higher water permeability of B-h pore than N-h pore. Besides, the average orientation, <cos(θ)>, of water molecules with respect to the normal direction (the z coordinate) of the nanoporous BN nanoplate is shown in Fig. 4c . Here θ represents the angle between the dipole moment of water and the z-axis of the simulation box. The values change from positive to negative along the flow direction, suggesting that water molecules rotate when passing through the membrane filter. The rotation angle of the water molecules in the N-h pore is very large (<cos(θ)> changes from 0.212 to -0.809, i.e., from 77.8° to 144.0°). On the other hand, the water molecules do not rotate much when crossing the B-h pore (<cos(θ)> changes from 0.281 to -0.290 (i.e., from 73.7° to 106.9°). Instead, the water molecules rotate after passing the pore at the position of 0.1 nm from the BN nanoplate. The smaller rotation angle offers a smoother entropic landscape for water molecules to traverse and thus results in a faster water flow. We also compared the desalination performance between nanoporous BN and existing desalination techniques based on their water permeability and salt rejection ( Fig. 5) . The B-h-4 pore showed 100% salt rejection and high water passage. The water permeability is 95.3 L per cm 2 ·day·MPa, which is not only two orders of magnitude higher than that of commercial technologies but much higher than that observed with nanoporous graphene or MoS 2 membrane. 11, 13 Additionally, the N-h-5 and B-h-5 pores present more efficient permeability than the B-h-4 pore while their salt rejections are slightly lower (94.7% and 93.5%, respectively). To our best knowledge, the nanoporous BN is the best RO membrane so far compared to other materials.
CONCLUSION
We demonstrated that nanoporous boron nitride has outstanding desalination capacity with rapid water permeability and high salt rejection. B-h pores allow for larger water flux than N-h pores as the water molecules undergo dipole rotation inside N-h pores which slows down the water flow. Compared to existing desalination techniques, nanoporous boron nitride has overall better desalination performance. Our findings have shed light on a new candidate for future desalination membrane filter.
METHODS
There are two types of system in our simulations: the nanopores with N-h edges and those with B-h edges. Each system consists of a piston (a BN sheet), salt water, a filter (a nanoporous BN sheet) and pure water (as shown in Fig. 1a ). pore, N-h-5 pore, and N-h-6 pore are about 0.234 nm 2 , 0.401 nm 2 , 0.611 nm 2 , 0.231 nm 2 , 0.397 nm 2 , and 0.607 nm 2 , respectively. Following similar protocols in our previous studies 20-31 , these nanopores are solvated in water boxes with dimensions of the system at 5.00 nm ×5.21 nm ×10.00 nm in x, y and z directions, respectively. The box contains a total of ~8300 water molecules and 0.599 M NaCl in salt water (to mimic the salinity of seawater).
Molecular Dynamics simulations were performed using the GROMACS software package (version 4.6.6) 32 . The VMD software 33 was used to analyze and visualize the simulation results. CHARMM27 force field [34] [35] and TIP3P 36 water model were used for the Na + /Cland water molecules, respectively. The force field parameters of BN were obtained from a previous study. 12 Temperature was fixed at 300 K using v-rescale thermostat 37 . Periodic boundary conditions were applied in all directions.
The long-range electrostatic interactions were calculated by the PME method 38-39 , and the van der Waals (vdW) interactions were calculated with a cutoff distance of 1.2 nm.
All solute bonds were kept constant at their equilibrium values with the LINCS algorithm 40 , and water geometry was constrained using the SETTLE algorithm 41 .
During the production runs, a time step of 2.0 fs was used. Three independent trajectories were generated for each system. All simulations were performed for over 50 ns to ensure the condition of salt rejection where half of the water molecules in the salt water side has across the nanoporous BN nanoplate. 
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